ABSTRACT X-linked retinoschisis (XLRS) is a form of macular degeneration with a juvenile onset. This disease is caused by mutations in the retinoschisin (RS1) gene. The major clinical pathologies of this disease include splitting of the retina (schisis) and a loss in synaptic transmission. Human XLRS patients display a broad range in phenotypic severity, even among family members with the same mutation. This variation suggests the existence of genetic modifiers that may contribute to disease severity. Previously, we reported the identification of a modifier locus, named Mor1, which affects severity of schisis in a mouse model of XLRS (the Rs1 tmgc1 mouse). Homozygosity for the protective AKR allele of Mor1 restores cell adhesion in Rs1 tmgc1 mice. Here, we report our study to identify the Mor1 gene. Through collecting recombinant mice followed by progeny testing, we have localized Mor1 to a 4.4-Mb region on chromosome 7. In this genetic region, the AKR strain is known to carry a mutation in the tyrosinase (Tyr) gene. We observed that the schisis phenotype caused by the Rs1 mutation is rescued by a Tyr mutation in the C57BL/6J genetic background, strongly suggesting that Tyr is the Mor1 gene.
X -LINKED retinoschisis (XLRS) (OMIM 312700) is a
juvenile form of macular degeneration with an incidence of 1 in 5000 to 1 in 25,000 male children (George et al. 1995) . The major features of this disease include retinal and vitreous degeneration, reduced visual acuity, foveal schisis (splitting of the central retina), and a reduction in the electroretinogram (ERG) b-wave (reduced synaptic transmission in the retina) (Peachey et al. 1987; George et al. 1996; Retinoschisis Consortium 1998; Seiving 1998) .
XLRS is caused by mutations in the retinoschisin (RS1) gene (Sauer et al. 1997) . RS1 transcription has been detected in the retina (Sauer et al. 1997) , the pineal gland (Takada et al. 2006) , and the uterus (Huopaniemi et al. 1999) . In the retina, RS1 is transcribed in the photoreceptor cells (Reid et al. 1999) , bipolar cells (Molday et al. 2001) , and ganglion cells (Takada et al. 2004) . RS1 encodes the 224-amino-acid protein, retinoschisin (RS1) (Sauer et al. 1997) . RS1 contains an N-terminal leader sequence that is cleaved for secretion from the ER to the plasma membrane, an Rs1 domain, and a discoidin domain (Wu and Molday 2003) . The discoidin domain is the most prominent feature of RS1, comprising .75% of the processed protein (Sauer et al. 1997) . Discoidin domains are highly conserved across many species and are generally involved in cell-cell interactions and cell adhesion (Baumgartner et al. 1998) . Recently, Na/K ATPase-SARM1 complex (Molday et al. 2007 ) and L-type voltage-gated calcium channels (Shi et al. 2009 ) were identified as binding partners of RS1.
One hundred seventy-one unique allelic variants of RS1 mutations such as frameshifts, exon deletions, splicesite mutations, and nonsense/missense mutations have been identified to date (Retinoschisis Consortium 1998) . A most recent study showed that the b/a-wave ratio of the XLRS patients determined by ERG is correlated with the severity of the misssense mutation (Sergeev et al. 2010) . On the other hand, family members with the same RS1 mutation show significant variation in phenotypic severity (Eksandh et al. 2000; Pimenides et al. 2005) . Lack of genotype-phenotype correlations and intrafamilial disease heterogeneity in theses families suggests the existence of genetic modifiers or differential susceptibility to environmental factors. These observations in the human population suggest that the severity of phenotypes in XLRS patients may be independently influenced by the nature of the mutation and genetic factors. However, the heterogeneous nature of human populations and the variability of possible environmental influences make it difficult to dissect out the genetic factors. Modifier screens in mouse models overcome these challenges by enabling the use of genetically homogenous populations and controlled environments.
The Rs1 tmgc1 mouse has been a valuable model for the study of XLRS. These mice contain a splice-site mutation in the murine RS1 homolog, Rs1. ( Jablonski et al. 2005a) . The splice-site mutation causes aberrant splicing of Rs1. However, 30% of Rs1 transcripts are still properly spliced in these mice ( Johnson et al. 2008) . Rs1 tmgc1 mice have phenotypes similar to human XLRS patients such as a reduced ERG b-wave and schisis ( Jablonski et al. 2005a; Johnson et al. 2006 Johnson et al. , 2008 . Ectopic photoreceptor synapses and a reduced areal density of synaptic vesicles at the photoreceptor presynapse have also been reported and may account for some of the reduction in synaptic transmission in Rs1 tmgc1 retina ( Johnson et al. 2006) . Recently, we reported the identification of a modifier quantitative trait locus (QTL), named Mor1 for modifier of Rs1 1, which affects the disease severity in Rs1 tmgc1 mice (Johnson et al. 2008) . Homozygosity for the protective allele of Mor1, derived from the AKR/J inbred mouse strain, restores cell adhesion in Rs1 tmgc1 mutant mice. The genetic region of Mor1 was localized between markers D7Mit279 and D7Mit237 on mouse chromosome (Chr) 7 ( Johnson et al. 2008) . The exact function of Mor1 was still unknown. However, studies using fragment analysis have shown that Mor1 is most likely not involved in the splicing of Rs1 ( Johnson et al. 2008) .
In this study, we report positional cloning of Mor1, a modifier of Rs1 on Chr 7, which restores cell adhesion in the retina of Rs1 tmgc1 mice.
MATERIALS AND METHODS
Mice: All mouse procedures were performed in accordance with the Association for Research in Vision and Ophthalmology's statement for the use of animals in ophthalmic and vision research. 44TNJ (Rs1 tmgc1 /Rs1 tmgc1 and Rs1 tmgc1 /Y; formerly Rs1h tmgc1 ) mice were obtained from the Tennessee Mouse Genome Consortium (TMGC) ENU mutagenesis project. These mice are on a mixed genetic background of C57BL/ 6J (B6) and C3Sn.BLiA-Pde6b 1 (C3H) ( Jablonski et al. 2005a,b) . No gender-specific differences in the retinal phenotype were found among Rs1 mutant mice. Wild-type AKR/J (AKR) mice and B6(Cg)-Tyr ) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). The F 2 intercross and congenic mouse lines were generated as previously described ( Johnson et al. 2008) /Y F 2 progeny that did not contain a crossover event in the Mor1 critical region. All simple sequence length polymorphisms (SSLPs) and single-nucleotide polymorphisms (SNPs) used as markers in this study were able to distinguish the AKR allele from B6 and C3H alleles. All marker positions reported are based on the NCBI mouse genome build 37.1 reference assembly.
Histological analysis: Histological analysis was performed as previously described ( Johnson et al. 2008) . Following asphyxiation by CO 2 administration, eyes were immediately removed and immersion fixed in Bouin's fixative overnight at 4°. Eyes were then rinsed, dehydrated, and embedded in paraffin. Paraffin blocks were sectioned 6 mm thick on an RM 2135 microtome (Leica Microsystems, Wetzlar, Germany) and mounted on glass slides. The slides were then stained with hematoxylin and eosin (H&E) to visualize the retinal structure for phenotyping. H&E-stained sections were imaged on an Eclipse E600 microscope (Nikon, Tokyo), using a SPOT camera (Spot Diagnostics, Sterling Heights, MI) .
Phenotyping by histological analysis: All progeny test animals were phenotyped by histological analysis irrespective of genotyping. Animals were scored for schisis severity in a semiquantitative fashion. Scores ranged from 0 to 2 (from no schisis to severe schisis, respectively). Within each progeny test line, the phenotypic distribution of the progeny haplotypes was compared using one-way analysis of variance (ANOVA) with Bonferroni correction in GraphPad Prism software (GraphPad Software, La Jolla, CA).
Immunohistochemistry: For immunohistochemistry on cryostat sections, 12-mm-thick sections were blocked in PBS with 0.5% Triton X-100 and 2% normal donkey serum for 20 min at room temperature. Next, sections were incubated at 4°o vernight in primary antibody solution. Primary antibodies used were PKCa (Sigma, St. Louis), PSD95 (NeuroMab), and GFAP (Thermo Scientific). Sections were rinsed in PBS and incubated in a 1:400 diluted secondary antibody:block solution for 45 min at room temperature. Antibody control slides were made by omitting primary antibody (data not shown). Slides were imaged on a Zeiss 510 confocal laser scanning system and an Axio Imager microscope using LSM 510 software (release 4.2) (Carl Zeiss MicroImaging, Thornwood, NY).
Fluorescence signal quantification: The percentage of GFAP-labeled area occurring below the ganglion cell and nerve fiber layers in sections immunostained with the GFAP antibody was quantified using the histogram function of ImageJ software (available at http:/ /rsb.info.nih.gov/ij; developed by Wayne Rasband, National Institutes of Health, Bethesda, MD) (Vidal et al. 2010) . To eliminate the signal occurring in retinal astrocytes, the ganglion cell and nerve fiber layers were cropped from the green channel of confocal images of B6 wild-type (n ¼ 3), Rs1 /Tyr c-2J (n ¼ 4) mice.
RESULTS
Fine mapping the Mor1 modifier: Homozygosity for the protective AKR allele of Mor1 rescues the schisis phenotype in Rs1 tmgc1 mutant mice. The Mor1 modifier was previously mapped to an estimated genetic distance of 9 cM between the markers D7Mit279 (83.6Mb) and D7Mit237 (123Mb) on mouse Chr 7, using 270 F 2 ani-mals ( Johnson et al. 2008) . After defining the Mor1 genetic region, we examined 311 additional (AKR 3 44TNJ) F 2 mice for recombination events within the Mor1 genetic region. Of the 311 mice, 19 were recombinant and were saved for further study.
We used SSLP and SNP markers located in the Mor1 genetic region to further define the location of crossover events in the 19 recombinant mice (Figure 1 ). The tyrosinase (Tyr) gene is within the minimal genetic region (at 94.6 Mb) and also served as a useful marker (Figure 1 ). The AKR strain is homozygous for a recessive mutation in the Tyr gene (Tyr c ). Therefore, all F 2 mice that are homozygous for the AKR alleles of the Tyr locus are albino and have nonpigmented eyes, while F 2 mice that carry at least one 44TNJ allele of the Tyr locus have pigmented eyes. Using these additional markers, the locations of crossover events in F 2 recombinant mice were determined ( Figure 1A, left) . To confirm the genetic region indicated by crossover events in the recombinant animals, progeny testing was performed, which defined the minimal genetic region of Mor1 flanked by markers D7Mit299 and rs31585402.
We further intercrossed F 2 mice to collect additional recombinants within the Mor1 critical region at the F 3 generation. For two F 3 mice (B9378 and B9379) with recombination events between D7Mit299 and rs31585402 ( Figure 1A , right), progeny testing was performed ( Figure 1B ). For both progeny tests, progeny that were homozygous for AKR across the Mor1 locus did not have schisis (rescued) and progeny that were heterozygous across the Mor1 locus did have schisis (affected). In the progeny line of B9378 ( Figure 1B, right) , the progeny carrying the recombinant chromosome have schisis and are significantly different in phenotype from nonaffected mice (ANOVA, P , 0.001). In the progeny line of B9379 ( Figure 1B, left) , the progeny carrying the recombinant chromosome do not have schisis and are significantly different in phenotype from affected mice (ANOVA, P , 0.001). On the basis of these results, the minimal genetic region of Mor1 is between markers D7Mit62 and D7Mit123. This region is 4.4 Mb in length and contains 27 genes (supporting information, Table S1 ).
Tyrosinase as a candidate gene for Mor1: As discussed above, the genetic minimal region for the Mor1 locus contains the Tyr gene that is mutated and causes albino phenotypes in AKR mice. To test whether the genetic difference in the Tyr gene alone affects the schisis phenotype in Rs1 tmgc1 mice, we generated Rs1 tmgc1 mice homozygous for a Tyr mutation. We crossed female B6-Tyr mice at 4 weeks of age (Figure 2 ). We also examined the schisis phenotype in these mice at different ages, postnatal day (P) 19 and 10 weeks, and found that it is consistently rescued at all time points tested (Figure 2 ). The retina of Rs1 tmgc1 /Y Tyr c-2J
/Tyr c-2J mice was comparable to that of B6 wild-type mice at all time points examined (data not shown). These results strongly suggest that Tyr is the Mor1 gene.
Effect of the Tyr c-2J mutation on other Rs1 mutant phenotypes: We then tested whether other retinal phenotypes observed in Rs1 mutant mice are also rescued by the Tyr c-2J mutation. It was previously reported that the Rs1 tmgc1 mutation causes ectopic localization of synapses between photoreceptor cells and second-order neurons in the retina ( Johnson et al. 2006) . To test if the Tyr c-2J mutation affects this synaptic abnormality, we immunostained retinal sections from 4-week-old B6
(n ¼ 4) mice with the bipolar cell marker, PKCa ( Figure  3A ). /Y control mice (P , 0.001; Figure 3B ).
Abnormal upregulation of intermediate filament protein, GFAP, is another retinal phenotype observed in Rs1 knockout mice (Takada et al. 2008) . To test whether this phenotype is also observed in Rs1 tmgc1 mice and whether it is rescued by the Tyr c-2J mutation, we performed immunohistochemical analysis in 4-weekold B6 wild-type, Rs1 / Tyr c-2J mice using anti-GFAP antibody. In B6 wild-type mice, the GFAP immunolabeling was restricted to the ganglion cell and nerve fiber layers where astrocytes are localized ( Figure 4A , left), whereas it extended across the entire retinal layers in Rs1 Figure 4B ). These results indicate that the Tyr c-2J mutation significantly reduces upregulation of GFAP caused by the Rs1 tmgc1 mutation (P , 0.05). GFAP immunoreactivity in the older Rs1 tmgc1 retina: Our previous study on Rs1 tmgc1 mice ( Johnson et al. 2008 ) and a study using a null mutant for Rs1 (Kjellstrom et al. 2007) showed that the schisis phenotype caused by the Rs1 mutation is rescued as mice age. To test whether downregulation of GFAP also occurs in age-associated rescue of schisis, we performed immunostaining of the retina from Rs1 tmgc1 /Y and B6 wild-type mice, using the GFAP antibody at 4 and 16 weeks of age. Despite the rescue of schisis in Rs1 tmgc1 /Y mice at 16 weeks of age ( Figure 5A , bottom right), the GFAP immunoreactivity extended across the retinal layers ( Figure 5A , top right) as observed at 4 weeks of age ( Figure 5A, top left) . Quantification of GFAP signals in the retina excluding the ganglion cell and nerve fiber layers revealed that they are not statistically different from those in 4-weekold Rs1 tmgc1 /Y mice (P ¼ 0.1894; Figure 5B ).
DISCUSSION
We demonstrated here that the mutation in the Tyr gene rescues the schisis phenotype caused by the Rs1 tmgc1 mutation in a recessive manner. This finding is consistent with the result of our previous genetic mapping of the modifier of retinoschisis, where the AKR allele of the Mor1 locus can rescue the schisis phenotype caused by the Rs1 tmgc1 mutation in a recessive manner ( Johnson et al. 2008) . We continued fine mapping of the Mor1 locus and found that the minimal region contained 27 genes including Tyr. To test Tyr as a candidate gene for Mor1, we took advantage of the availability of the Tyr c-2J mutation on the B6 background and tested its effect on the schisis phenotype. Upon studying the time course of the schisis phenotype, we found that it is rescued by the Tyr c-2J mutation throughout the ages examined. Thus, the present study strongly suggests that Tyr is the Mor1 gene.
It was previously reported that ectopic localization of synapses between photoreceptor cells and secondary neurons is caused by the Rs1 tmgc1 ( Johnson et al. 2006 ) and Rs1 null (Takada et al. 2008) mutations. In this study, we showed that the Tyr c-2J mutation also rescues this synaptic abnormality in Rs1 tmgc1 mice. Since this synaptic abnormality is concurrently observed with aberrant synaptic transmission in a number of mouse models (Dick et al. 2003; Haeseleer et al. 2004; Mansergh et al. 2005; Morgans et al. 2005; Chang et al. 2006; Johnson et al. 2006; Takada et al. 2008) , it would be ideal to test whether the Tyr c-2J mutation also rescues the synaptic transmission defect. However, because of the difference in ERG patterns between albino and pigmented mice (Pinto et al. 2007 We also demonstrated that upregulation and extension of GFAP immunoreactivity across the retinal layers is observed in Rs1 tmgc1 mice and that this phenotype is also rescued by the Tyr c-2J mutation. The upregulation and extension of GFAP immunoreactivity was previously reported in Rs1 null mutant mice (Takada et al. 2008) . Upregulation of GFAP in retinal Mü ller cells is considered an indicator of stress in the retina and can be observed in a number of retinal degenerative conditions and retinal injuries (Lewis and Fisher 2003) . Therefore, the decreased level of GFAP immunoreactivity in 
/Tyr
c-2J mice also indicates that the modifier gene decreases the retinal stress in Rs1 tmgc1 /Y mice. We previously reported that the schisis phenotype is rescued in Rs1 tmgc1 mice as the mice age ( Johnson et al. 2008) . However, in 16-week-old Rs1 tmgc1 mice, GFAP signals are still increased despite that schisis is no longer observed in Rs1 tmgc1 /Y mice at this age. This observation suggests that the upregulation of GFAP in Rs1 tmgc1 /Ymice may not be the result of physical changes associated with schisis but may rather occur due to other abnormalities caused by the Rs1 mutation, which appear to be rescued by the Tyr c-2J mutation but not by age-associated changes. Taken together, our current study suggests that the modifier gene, Tyr, could rescue multiple retinal abnormalities caused by the Rs1 mutation. This brings us to the next question: What is the molecular mechanism underlying the rescue of Rs1 mutant phenotypes by the Tyr mutation? Two major hypotheses are currently being considered. The first hypothesis is that the Tyr mutation affects the level of the middle product of melanin synthesis that may in turn affect the retinal phenotypes. Tyrosinase is a key enzyme in pigment synthesis and produced in retinal pigment epithelial (RPE) cells that are adjacent to the sensory retina. It catalyzes conversion of tyrosine to L-dopa and L-dopa to dopaquinone (Ito 2003) . It has been postulated that the middle product, L-dopa, is released from RPE cells into the extracellular space (Page-McCaw et al. 2004) . L-dopa is known to affect retinal development and function (Kubrusly et al. 2003; Tibber et al. 2006) , and it is also the precursor of dopamine, a neurotransmitter produced by dopaminergic neurons that has roles in retinal development and function as well (Reis et al. 2007 ). Thus, the Tyr mutation may decrease the concentration of L-dopa and dopamine in the retina, which may in turn affect Rs1 mutant phenotypes in the retina. A similar scenario was revealed for the modification of ocular defects in mouse models of primary congenital glaucoma (PCG). In theses models, the Tyr mutation was shown to increase the severity of the ocular drainage structure defects associated with PCG (Libby et al. 2003) . Administration of L-dopa was found to prevent this modification of abnormalities (Libby et al. 2003) , indicating that the Tyr mutation modifies the severity of PCG phenotypes by affecting L-dopa levels. Alternatively, modifier effects of the Tyr mutation on retinoschisis may be associated with pigmentation. It is known that albino animals receive a 90-fold higher intensity of light on their retina compared to pigmented species (Lyubarsky et al. 2004) , which could potentially cause alteration in the retinal functions. In fact, there are a number of retinal abnormalities reported to be associated with albinism (Oetting 1999; Russell-Eggitt 2001) . However, it is interesting to note that, in the case of Rs1 mutant phenotypes, albinism is correlated with the rescue (improvement) of retinal phenotypes rather than exacerbation of the phenotypes. Further studies are necessary to test these hypotheses and to understand how the phenotypes of retinoschisis are rescued by the homozygous Tyr mutation. This is the first study to identify a genetic factor that affects the severity of retinoschisis caused by the Rs1 mutation. Our study also indicated that the effect of the Tyr mutation is not only on the schisis phenotype but also on other retinal phenotypes such as GFAP upregulation in the Mü ller cells and ectopic localization of synapses. Our findings suggest a new pathway involving the Tyr gene that affects the severity of retinoschisis and may also help us understand the basis of the phenotypic variation in human XLRS patients. 
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